ABSTRACT. We sequenced the complete mitochondrial genome of Phalera flavescens. The mitogenome is 15,659 bp in length, including 13 protein-coding genes (atp6, atp8, cox1-3, nad1-6, nad4L, cob), two ribosomal RNAs (rrnS and rrnL), 22 transfer RNAs and an AT-rich region, a putative control region (D-loop). Gene order and orientation were found to be identical to those of other completely sequenced lepidopteran mitogenomes. All 13 protein-coding genes start with the common codon ATN, except for the cox1 gene, which uses CGA as the initial codon. Nine of the 13 protein-coding genes stop with codon TAA, while the cox1, cox2, nad5, and nad4 genes stop with the single nucleotide T. All tRNA genes can be folded into canonical cloverleaf secondary structure, except for trnS1, which loses the ''DHU'' arm. Six overlapping sequences totaling 20 bp (1-8 bp for each sequence) and 16 intergenic spacer sequences, totaling 276 bp (1-58 bp for each sequence) are scattered throughout the genome; the largest intergenic spacer is located between the trnQ and nad2 genes. A microsatellitelike structure (AT) 6 ACC(AT) 6 and 16-bp poly-T elements preceded by the ATTTA motif are present in the D-loop region. Additionally, unexpectedly, an extra 190-bp insertion, with unknown function, was found in the small subunit rRNA gene (rrnS); this gene is the longest known (1020 bp) among all of the Lepidoptera.
INTRODUCTION
Mitochondrial genome (mtDNA) is a small molecule of 15-20 kb in length in most metazoans, which plays an important role in the process of metabolism, programmed cell death, illness, aging, etc. It is generally circular with a remarkably conserved set of 37 genes: 13 protein-coding genes (PCGs) (nad1-6 and nad4L for NADH dehydrogenase subunits 1-6, and 4L; atp6 and atp8 for ATPase subunits 6 and 8; cox1-3 for cytochrome oxidase subunits I-III; cob for cytochrome b), rrnS and rrnL for 12S rRNA and 16S rRNA, and 22 tRNAs (Boore, 1999) . In addition, it usually contains at least one variable sequence about 1 kb in size, known as the AT-rich region (D-loop) (Zhang et al., 1995; Zhang and Hewitt, 1997) . During the last few decades, mitochondrial genome sequence data, especially those of PCGs have been employed as a powerful tool for phylogenetics and evolutionary studies.
The order Lepidoptera is one of the largest insect orders, including more than 160,000 described species. Despite this huge species diversity, to date, only about 27 mtDNAs have been fully sequenced, among which only one is of the Notodontidae (Salvato et al., 2008) .
The Japanese buff-tip moth Phalera flavescens is a member of the family Notodontidae and an important species of insect pests, which is harmful to many economic plants, such as Malus pumila, Pyrus bretschneideri, Amygdalus persica, Prunus salicina, and others. This commonly found species is distributed throughout all areas of China and some areas of Japan and Korea. In this study, the complete mitochondrial genome sequence of P. flavescens was determined through PCR and primer-walking methods, and described in comparison with that of other sequenced lepidopterans in terms of genome organization, the characteristics of individual tRNAs, rRNAs, PCGs, and the non-coding regions, including the AT-rich region. Thus, the newly sequenced P. flavescens mitogenome is very useful to enrich our knowledge about lepidopteran mitogenomes and to supply more information for the studies of relevant areas.
MATERIAL AND METHODS

Specimen collection
The adult specimen of P. flavescens (Lepidoptera: Notodontidae) was obtained from Changping District of Beijing city, China, in August 2010. After the specimen collection, the material was placed in 100% ethanol immediately for preservation and fixation, brought to our laboratory and stored at -20°C until use for genomic DNA extraction.
DNA extraction, primer design and PCR amplification
Total genomic DNA of P. flavescens was extracted from thoracic muscle tissue of the adult specimen using the proteinase K-SOi 2 method of Hao et al. (2005) . Some partial short sequences of cox1, cox2, nad5, cob, nad4, rrnL, and rrnS were amplified by the PCR protocol: denaturation for 5 min at 95°C, followed by 35 cycles of denaturation for 50 s at 95°C, annealing for 50 s at 55°C, and elongation for 1 min at 72°C, and a final extension step at 72°C for 10 min. The PCR products were then sequenced using the primer set for the complete mitochondrial genomes of all the lepidopterans available or reported in Simon et al. (1994) . The amplification of the six long fragments (rrnS-nad2, nad2-cox3, cox3-nad5, nad5-nad4, nad4-cob, cob-rrnS) (Table 1) were performed using TaKaRa LA Taq TM (Takara Bio, Japan) by the long PCR conditions: an initial denaturation for 5 min at 95°C, followed by 15 cycles of denaturation for 50 s at 95°C, annealing for 60 s at 48°-58°C, elongation for 150 s at 68°C; then another 15 cycles of denaturation for 50 s at 95°C, annealing for 60 s at 48°-58°C, and elongation for 150 s per cycle at 68°C, and a final extension at 68°C for 10 min. Two primers 5'-GAAACACTTTCCAGTACCT-3' and 5'-CTAAACCAATTCAACATCC-3' were designed for amplifying the D-loop region between the rrnS and nad2 genes through the comparison of all lepidopteran mitochondrial genomes available.
Primers
Upper primer sequence (5'-3') Lower primer sequence (5'-3')
GAAACACTTTCCAGTACCT CTAAACCAATTCAACATCC Table 1 . Primers for the long PCR amplication used in this study.
Sequence analysis
Raw sequence files were proofread and assembled in BioEdit version 7.0 (Hall, 1999) . Sequences overlapping fragments were assembled by aligning neighboring fragments using the Clustal X1.83 software (Thompson et al., 1997) . The 22 tRNA genes were identified by the tRNAscan-SE v.1.21 software (http://lowelab.ucsc.edu/tRNAscan-SE) (Lowe and Eddy, 1997) . Nucleotide composition and codon usage were calculated using the MEGA4.0 software (Kumar et al., 2004) [G+C]) were determined as proposed by Perna and Kocher (1995) . Protein-coding genes and RNA genes were identified by sequence comparison with the published insect mitogenome sequences using SEQUIN (version 11.0). The mitogenome sequence data have been deposited in the GenBank database under the accession No. JF440342. The secondary structures of rrnL and rrnS were drawn using the XRNA software (http://rna.ucsc.edu/rnacenter/xrna/xrna.html).
RESULTS AND DISCUSSION
Genome organization
The P. flavescens mitochondrial genome was 15,659 bp in length (Figure 1 and Table 2 ); the size is well within the range of the other lepidopteran mitochondrial genomes from 15,140 bp in Artogeia melete ) to 16,094 bp in Papilio maraho (Feng et al., 2010) . It had the same gene content observed in typical metazoan mitogenomes [13 PCGs, two rRNA (rrnS and rrnL), 22 tRNA genes and a D-loop region]. The mitogenome had the same gene order and orientation as the completely sequenced lepidopteran mitogenomes (Kim et al., 2010) , with its major strand coding for nine PCGs and 14 tRNAs, while the minor strand coding for four PCGs, eight tRNAs and two rRNAs. The overall base compositions of the mitogenome L-strand was 40.00% A, 40.82% T, 7.90% G, and 11.28% C, showing a relatively strong AT bias (80.82%). This AT bias value is within the range from 77.9% in Ochrogaster lunifer to 82.7% in Coreana raphaelis Salvato et al., 2008) as well. Additionally, the major strand AT skew was slightly negative (-0.01017), which is also within the range of the other lepidopterans, from -0.04748 in C. raphaelis to 0.05872 in Bombyx mori (Yukuhiro et al., 2002) . 
Complete mitochondrial genome of Phalera flavescens
Protein-coding genes
Like other lepidopterans, all 13 PCGs in the P. flavescens mitogenome had ATN as their start codon, except for cox1, and they typically showed TAG or TAA as stop codons, except for cox1, cox2, nad4, and nad5 (T-tRNA) ( Table 2) .
The start codon of the cox1 gene has been widely discussed in the insect mtDNA (Yukuhiro et al., 2002) . For example, some unusual oligonucleotides, such as the TTA in Panulirus japonicus (Yamauchi et al., 2002) , TCG in Bactrocera oleae (Nardi et al., 2003) , ACG in Vargula hilgendorfii (Ogoh and Ohmiya, 2004) , TATCTA in Penaeis monodon (Wilson et al., 2000) , TTTTAG in Bombyx mandarina (Yukuhiro et al., 2002) , and TATTAG in Ostrinia nubilalis and O. furnicalis (Coates et al., 2005) , have been proposed as the cox1 start codons. As for the start codons for the lepidopteran cox1 genes, they are also controversial. For example, some unusual start codons are also proposed for three butterfly species (A. melete, Parnassius bremeri and Eumenis autonue) and seven moth species (Antheraea pemyi, Adoxophyes honmai, Ochrogaster lunifer, Eriogyna pyretorum, B. mandarina, Lymantria dispar, and Manduca sexta) (Salvato et al., 2008; Kim et al., 2010) . Owing to the fact that the CGA is present as a conserved region for all lepidopteran insects reported, we tend to consider that CGA is the start codon for P. flavescens cox1 in this study as suggested by .
The cox2 gene harbored an incomplete stop codon of a single thymine with no canonical TAN stop codon detected in its terminating region. Such an incomplete stop codon is also detected in 29 other insect mitogenomes available (Cha et al., 2007; Hong et al., 2008; Kim et al., 2010) (Table 3 ). This single thymine as an incomplete codon detected in PCGs may be caused by posttranscriptional modifications during the mRNA maturation process, such as poly-adenylation. Summarizing, a total of 3727 non-stop codons are used in P. flavescens mitogenome PCGs, and this pattern is similar to that in other lepidopteran species as well.
The codon usage of PCGs of the P. flavescens mitochondrial genome is shown in Table 4 . The results indicate that the codon usage of all the genes has a strong bias in that the relative synonymous codon usage values of NNU and NNA codons are essentially greater than the others, indicating a higher U+A frequency of the third points compared to the others. The PCG codon usage bias and the third point of A+T bias (92.4%) show a positive correlation. In addition, statistics also showed that UUU (Phe), UUA (Leu), AUU (Ile), AUA (Met), and AAU (Asn) are the most frequently used codons, accounting for 46.85% of all. 
Ribosomal and transfer RNA genes
In the P. flavescens mitogenome, the rrnL gene was located between sites 12,853 and 14,220, for a total length of 1368 bp. Its reconstructed secondary structure (Figure 2 ) broadly conforms to that of M. sexta (Cameron and Whiting, 2008) . The proposed secondary structure has 49 helices belonging to six domains. The stem regions of H1057/D18, H1087/D19 and H991/D17 in domain II are difficult to fold under the criteria of Watson-Crick pairs, and thus different from M. sexta with regard to a large internal loop. The stem H2347/G13 is also highly variable within the order Lepidoptera with regard to sequence variation and the (AT) n insertion, such as (AT) 14 in M. sexta and (AT) 12 in Grapholitha molesta (Gong et al., 2012) . While some bases indentified as highly conserved region, such as the stems H2064/G2, H2077/G3, H2246/G6, H2259/G7, H2282, and their correspondingly large loops are found adjacent to and even within the hypervariable region, these conserved sites may serve as anchor points for the secondary structure of the hypervariable region (Hao et al., 2007) .
The rrnS gene was located between positions 14,289 and 15,308, for a total 1020 bp in length. Its secondary structure is basically the same as those of the other insect groups with 29 helices belonging to three domains (Niehuis et al., 2006) (Figure 3) . However, compared to those of the 29 other lepidopteran species listed in Table 3 , this gene was found to be the longest one, for example, a 190-bp extra-insertion was detected between the stem regions H505/20 and H515/21 by comparison with its closely related species O. lunifer (Figure 3 ). These insertion regions are shown to be highly variable among the currently available lepidopteran mtDNAs with their functions unknown. In addition, the stem H1047/38 is significantly variable among different lepidopteran species as well (Niehuis et al., 2006; Cameron and Whiting, 2008) .
The P. flavescens mtDNA contained 22 tRNA genes, interspersed throughout the whole genome and ranging in size from 65 to 72 bp. All tRNAs except trnS1 folded into the expected secondary cloverleaf structures (Figure 4) . The trnS1 lacked the DHU stem and this feature is common in the insect mitogenomes . In the 22 predicted tRNA secondary structures, 24 pairs of base mismatches were detected, and among which 17 were GU, 5 UU, 1 AG, and 1 UC (Figure 4) . Codon(Aa) Codon ( 
Non-coding regions and overlapping sequences
The non-coding regions included the AT-rich region (D-loop) and 16 intergenic spacer sequences. The intergenic spacers ranged from 1 to 58 bp in size, totaling 276 bp in length. The longest 58-bp spacers were present between the trnQ and nad2 genes. The location of these regions are fixed among the lepidopteran insects, whereas their sequences are highly diverged even in the two congeneric species examined, such as O. furnicalis and O. nubilalis, B. mori and B. mandarina (Cameron and Whiting, 2008) . Most intergenic spacers include multiple short microsatellite-like repeat regions such as (TA) n , poly-A and poly-T in P. flavescens.
The 351-bp AT-rich region is within the size range from 319 bp in O. lunifer (Salvato et al., 2008) to 747 bp in B. mandarina detected in particular lepidopteran species to date (Table 5 ). This region was located between the rrnS and trnM genes as we expected, with the A+T content of 93.2%, which is also well within the range of other lepidopterans from 88.0% in A. melete ) to 98.5% in Phthonandria atrilineata Twenty-six lepidopteran species in this study arranged from the shortest to the longest in the size of the non-D-loop region. The microsatellite-like (AT) 6 , ACC(AT) 6 and 16-bp poly-T elements were present in the flanking area of the P. flavescens D-loop region, and this case is similar to that found in other lepidopterans, such as ATTTA(AT) 7 , ATTTA(TA) 8 , ATTTA(AT) 9 , ATTTA(AT) 10 , ATTTA(AT) 7 (TA) 3 , and ATTTA(AT) 11 in C. raphaelis, M. sexta, B. mandarina, B. mori, O. lunifer, and A. melete, respectively (Yukuhiro et al., 2002; Kim et al., 2006; Pan et al., 2008; Cameron and Whiting, 2008; Hu et al., 2010; Liao et al., 2010) . The motif poly-T stretch was located upstream of the rrnS 5'-end and preceded by the oligonucleotide ATAGA, and this structural feature is remarkably conserved in the majority of lepidopteran insects ( Figure 5 ).
